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R.M.S. acceleraticn has no relation to crew camfort or injury. Existing
{(RM.S. "g¥) methods of ride assessment can show lethal accelerations as
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ON QUANTIZING RIDE COMFORT AND ALLOWABLE ACCELERATIONS

Peter R. Paync
Payne, inc.
Annapolis, Maryland

Abstract

When tho motion of a vehicle includes "shocks" or
impulsive velocity changes, R.M.S. acceleration has
no rolation to crew comfart or injury. Existing
(R.M.S. "g") methods of rido assessment can show
lethal accelerations as being perfoctly safe. They
are also suid to be invalid when the acceleration
"crest factor" (poak/R.M.S.) excoeds 3, which is
often the case for high-speed marine vehicles,

This paper presents methods of ovading these dif-
ficuities, using fairly well established biodynamic
modelling technlques, and an extension of Allen'a
“shock tolerance' concept. Among other advantages,
the mothod "automates" the asscssment of ride qual-
ity, so that personal judgments are not involved,
and the relative ride quality of different vehicles
can bo placed on a quuantitative basis.

Summary

A key requivement for a mouningful evaluation of
any new marine vehicle is the need for a clear,
unambiguous definition of ride quality, By this
we mean a moaningful moasure of the 'roughness' of
the ride; not a measure of each crew member's per-
formance capability under spocified ride conditions.
No such definition seems to exist in the literature.
The best known soE f "allowables" for random vi-
bration, 180-z361 1? specifically excludes acceler-
ations which have o "crest factor'! (CF =« Peak/RMS)
in excess of 3.0, whorvas naval vehicles may ex-
perlonce crest factors in oxcess of 10, Moroover,
150 is concorned with "sufe" accolerations for the
population in genoral, rather than a presumubly fit
and woll-motivatoed Navy ¢rew, Finally, all author-
ities seem to agree thot 150-2361 cannot bo used
at all when the input acceleration contains a serles
of "impacts” or "impulsive velocity change" spikes,
¥hile such a "spike" may be injurious, or indoed
lethal, it need not have much effect on the RMS
acceleration. And i:'s tho RMS acceleration which
is considered in the 150-2361 type of assessment.

This paper describos a method of assessing the
rlde quality of naval vehicles which is intended
to avold these limitations, and establishes two
limits; ono for random vibration having various
degrees of scverity, snd ono for impacts or "impul-
sive velocity changes."

Two separate indices are proposed in this paper
to designate a vohicle's habitubility for a glven
acceloration-time history. These indices aro!

v Vibration Ride Quality Index (VRQI)

+ JImpact Ride Quality Index (IRQI)

The proposed limits for VRQI are as follows:

180-2361 (For PFre-
quencies Greater
Than 1 Hz)

Nearest Corresponding

Limit Description VRQI  "EBxposurc Limit"

(A) Scvere, less
than 1 hour 0.5 1 hour

(B) Tolerable; less
than 1 hour 0.2 4 hours

(C) Llong-term,
Sevare 0.2 4 hours

(D) Long-term,
Tolorable 0.1 16 hours

For reforence purposes, VRQI = 2,3 would roughly
correspond to & one-minute endurance limit to sinu-
soidal vibration, as dotormined in the laboratory
(Appendix I).

Impact Ride Quality (IRQL) must be less than unity
to meet the proposod limits, and a time-domain eal-
culation must bo carried out to obtain a plot of
peak force exceedances iu a dynumic model against
froquency of occurronce. This "exceedance plot"
must fall bolow au "allowable limit! exceedance
plot, The IRQI is a measure of scvority, rolative
to this limit,

While 1t is normal to bo conservative in speei.
fying "allownbles" for crews, consorvatism can bo
extremely expensive, For exmmplo, reducing allow-
able accoloration by 30% might double the basic
cost of a vohicle, because of the increase in size
required. (27) With this in mind, the limits de-
fined horein are deliberately sovere by generally
accopted standards., It 1s hoped that work will be
funded to conparo them with data from existing
naval vehicles, with a view to modifying the limits
if necessary. But it is anticipated that the basic
dynamic models will not be changed by any such mod-
ification; only the 1imit RQI values.

Introductian

Dosplte tho amount of luboratory rosearch under-
taken in tho lost threa docades, the definition of
human tolerance to vibration is still very tenta-
tive., This is for three main roasons:

¢ Mankind is very vuriable, and even an indi-
vidual is not always consistent.

* The interactlon between man's comfort or
tash prrformance and his acceloration en-
vironment is extremoly comploax.

* Rolatively little effort has been Jevoted

to the engineering prohlem af estahlinhing
suclunal tolerance iimits tor vehicles,
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Tho standard by whick all other limits are com-
pared is, of course, IS0 2631 A careful rea-
ding of this standurd, and the various commentaries
upon it which have appeared, shows that there is
still a long way to go beforc a reliable and con-
sistent set of limits can be established for naval
vohicles, It is the purpose of this present docu-
A ment to present limits which are at least consis-
S tent, 30 that they can be applied uniformly and
unambiguously, even though the limits may not be
entirely "correct” in an absolute sense,

e To better understund the problem, it may be help-
E ful to briefly review the hilstory of an analogous,
- .but more mature prublem; that of human tolerance to
2 short periud (pulse-type) mcceleration, For accel-
eration in the spinal direction, definition of ac-
R . curate tolerance limits is of critical importance
= in tho design of aircraft ejection seats. Thus a
i great deal of research has been performed, It is

F also a simpler problem than that of defining vibra-
P tion tolerance, because the limit or "end point" -
! . vertebral fracture - is known and fairly well un-
derstood,

L Prior to about 1960, the defirition of human

[ tolerance to short period, lineur acceleration was

: poorly organized. The vurious "tolerance curves"

: in use did not agree with each sther and sometimes
i led to incofrrect requirements being placed on the

: «designer, For oxample, it was generally thought -
quite erronecously - that "jerk" (the "rate of onset’
‘ of acccloration, J3x/dt3) was physiologically im-

; portant, and this misconception caused a great deal
i of noedless trouble and oxpense.*

Yot the problem of defining an acceptable toler-
ance curve was quite a simple one to solve, when
looked at from the viewpoint of a dynumicist, ra-
ther than that of an M.D,(28,29) vyon Giorke, Hess,

. Latham, Coerman, Kornhauser, and othor worknrs ap-
preciatod that quite simple dynamlc models of the
human- body could be adequate for intorim engincering
purposes, oncoe the correct spring rutes and dumping
coefficients could he discovered. Payne first
analyzed the situation and groposed spacific cri-
toria; tentatively in 1961(2) and more definitively
(using nil tgg dota then available) in the period
1962-63(3:4» This mode) for upward accelerstion
of a san%gd man (Pigure 1) is now the MIL Spec
standard(2) for the design of escape systoms, and
an Alr Standardization Coordinating Committee (ASCC)
Standard oy well. While employed principally in
the design of aircraft cscape systoms, it is slso

.y used in ficlds far removed, such as the design of

I snownoblle scats and suspensions,

B Use of tho model 1s very simple, Any accelera-

d tion-time history, no matter how complex, can be

f imposed upon it, The output is a single nuwber,

ﬁ the "DRI", which is proportionnl to the peak load

ﬂ in the model's "spine" during that acceleration.
From Figure 1, we then obtain the percentuge of

a vertebral fractures which will be experienced with

¢ that particulur DkI, and decide whether to modify

a the acceleration input, It is possible to intelli-
gently trade-off the pradicred inridance nf verte
brat lajury ugulust, for example, the predicted

B]
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" Figure 1. MIL-S-9478A(USAT)(2) and ASCC Stundard

seated man model for short period upward accel-
eration, The spinal injury correlation is from
Reforence 34,

death rate from impacting sn airplane structure
during aircraft escape.

One of the model's principal advantages is often
overiooked., There is no room for "judgment', or
argument; the "'rules" cannot be changued to produce
a more favorahle DRI. Any engineer using the model
as an evoluator will come to procisely the ssme con-
clusion as any other engineer. All comparisons are
objective, in happy contrast to the extended (and
necessarily unresolvable) dobatos which took place
before the model's introduction.

The sume type of approach is reccommended in the
150-2631**, whon it is desired to '"characterize the
vibration environment with respect to its offects
on man by & single quantity. . ," But the racom-
mended weighting notwork is not well adapted to
the types of vibration and shuock which are experi-
enced in naval vehicles. Briefly, the difficulties
are as follows:

(r) As indicated in Figure 2, high-specd ship
acceleration-time histories can be very
"spikey', containing frequencies much higher
thun the B0 iz upper limit of 180-2631,
“Crest factors" (peck/RMS) are typically
higher than tho maximum values of 3.0 for
whith 150-2031 is considur 4 vaiad, i for

1 Reference 1, pige 3; ond of Section 3.3.

* The exporimonters who "identifled” It wore renlly seeinpg "rise-time'' offects,

** Reference 1, puge 5, wocond column, second paragraph.
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TYPIGAL SUB-CAITICAL PLANING MULL €& ACCELERATION

Figure 2. Acceleration-time historles for typical
high speed naval vehicles.

example, some typical SES model tests give
CF = B - 10, Some open water planing boat
meRsurements give CF = 6,

(b) Many vehicles experience slamming, in which
the acceleration-time history approaches an
impulsive velocity change which cannot be
analyzed spectrally.(7)” And to average a
severe slam over a period of time is obvi-
ously meaningless,

{¢) An amplitude spectrum without phase infor-
mation is mathematically meaningless.

A considerabie number of investigators are cone
sidering these probloms at the presont time. See,
for exmmple, References 8 « 10, The general concen-
sus sepms to be that n lumped parameter dynamic mo-
del (of the type shown in Figure 1) i1s a realistic
way of evaluating vibration environments with high
"ecrest factors' and impulsive veloclity change
"shocks." Figure 3 i? aT example of one such ap-
pronch, due to Allan, (10

In the noxt section, wo oxamine these problems in
wvore dotail, os they roflect on tho engineering
sssessnent of a marine vehicle's ''ride,”

‘The Problem of Impulsive Accelerations

The 180-2361 teolerance curves are based primarily
on experimental investigations with sinusoidal vi-
bration. Tholr application to nonsinusoidal vibru-
tlon is rpther tentative, and in some ways, quite
arbitrary. To the crodit of the original drafters,
however, the limits scem to "muke sense' as they
pre more snd more compared with data from opora-
tional situations, provided the crest factor is

IO ~ = E— l
TSSEJECTION SEAT DATA [MIL-3— 9478 A)
0
VIOLENY A/C OBCILLATION {AGARD=CP=148,"r4)
o
4k 'S
ANK  GRE
..\ R e
&
arnse | N\ ,
INDEX \(
oy ' ‘21(( REOUCED
<.
-h._.‘~
S———
-
[-¥] 1 L 1 i j
[ [ 10° © A 10

NUMBER OF £HOCKS PER DAY

Figure's.' Possible approach for lccegtablo levels
of repeated shocks [Allen(16)],

*From Figure 1.

not too high, and that impulsive accelerations do
not occur, This obviously implics some form of re-
gularity in the missing phase angle spectrunm.

Most high-speed ships experience occasional -
sometimes frequent - "slamming" or "pounding" events
which are quite unlike the "normal" vibration eon-
sidered in 180-2361. One way to examine this pro-
blem is to consider the case of any gcceleration.
time history which is composed solely of such impul-
sive accelorations. Such accelerations could bo
experienced by, for example, a suberitical planing
hull pounding from wave £lank to wave flank, and
otherwise being out of the water. This is a fousli-
ble mode of operation, warticularly in off-shore

. racing. .
-l
g * |
i
vy— S —t= i

1]
BAMIS TwE M

Figure 4. Idealized acceleration-time history for
40 knots in 10-foot wave lengths., 28v = 4.76
ft/scc. (Tho spike base time & will depend upon
the details of the impact and the frequency re-
sponse of the instrumentation and its structural
attachment.)

An idealized acceleration E§Ta history for such
motion is given in Figure d. The metual values
of Yyax and & which would be recorded in such a
situation would depend upon:
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- + The frequency responce of the accelerometer. This is a very unsatisfactory result, because the
KMS depends upon the width (8) of the acceleration
The *hardness' of the structure vo which it spike. We know that 2Av = 1 ft/sec is perfectly
was attached. safe. But our RMS critorion implies that it's not, Jd
i1f & 1is very small, i,e., if
« The details of the various structural reso-
nances. § = .01 .001 .0001 seronds
¢ The hydrodynamicc of the impact. . ."‘RMS = 1,77g 6.36g 20 33
Only the last of these is "real", in the sense This is obviously sor .. ‘se, becauso u human sub- .
that it dnfluencos a human occupant's perception of  jact could not pe,’c'm,_ Ly difference among the
the acceleration. This is because, for very short three pulses. And the crror is not wus to high ,
duration ac;alcusicns man is sensitive to velo- values of tho "crest factor", 1ncidau.a11y, which ’
‘-'-“ ch?ngg (= & Ymax &) rather than the magnitude for this tin. history is given by (7)
é Typical trajectory parameters, which A
lro inde) endent of wave height, are gi in Fi Sy
o p eight, are given in Figure CFe ol w ) :Av-gb @
. . ‘ Frvs 2 13 y v - g8
: TTEA
[ ]
For 4, = 2 10g - }
]
A aave a0 CF = 1.41 1.26 V3/Z = 1,23 1
Q® These are vary low valuus; much less than the i
R upper tound of CF = 3,0 specified in ISO-2361. e !
) '[ \ ® 7/ tme therefore have to conclude that the ISO approach is i
) " N - —l not valid for this kind of periodic acceleration.* !
k]
’ o A second possible approach is to assume that each b l
impact event occurs by itself, after the effect of : .
-ﬁ!—(nme) tho previous one has damped out. We can then sval- !
111 P i
Y . uate 1t by detormining its spectral content, and )
/ g sl following the I150-2361 methodology. ]
o4 v The spectrum of a triangular pulse a(t) is given . ‘1
/ / sER0D POEE) by its Fourior transform i
/ / - 2 |
(] // . Fliw) = wdut dt = 2 sin 2’4!' ) 1
| 7 / . (iw) .e a(t)dt AV ——%-i-- (3) !
/ - ‘
aa L < . This is plotted nondimensionally in Figure 6. ‘
/ ’
7 Again we sce that tho '"real” spoctrum, as a func- |
‘b
/ / tion of frequency, depends upon the value of the
Pd / y . pulse width time &. So when we evaluate it in
o // accordance with 7S0-2361, we get totally diffovent
/ /, results for diff: -ent values of &, ag shown in
Figure 7, .
' i
°; 16 7] 20 7} If we now turn to tho DRI rnethod(z) of evaluation,
WAVE LENOTH W FEEY we find that(18) :
Figure 5. Idealized trajoctory parameters for a ‘“(24"]0 ~T/n :
boat apeed of 40 knots, [Av is the vertical DRI = {4) .
3 (downwards) velocity of the boat just prior to B
; impact, mo that the total vertical veloclty where :
t‘ chango is 24v. ymax is its maximum trajectory n = /- ? ¢ = sinln : i
Y height between impacts, measured ahove the .
b impatt planoc.) For the DRI modol (Figure 1) :
§ : 4
i Now, how do we assess the tolerability of Figure DRI = 1.207(28v) B
§ 47 A a first guoss, we might decldo that, since %
; it is periodlc, we can use the 150-2361 criteria. = 24.1 for 2av = 20 ft/sec ]
We therefore dotermine its RM'a value and its crost ) i
factor. It's ensy to show{ ) thnt From Figure 1, this corresponds to a vertebral ;
fracture rate in excess of 50%, So we have a sit- i
Z B uation where an acceleration which will cause grave
~- -1 » - 1 (1) bodily injury is "tolorable for one minute" under
RMS t}iw IS0 criteria. Clearly an unacceptable situa-
[ tlon,
*He aiso Rave to conclude that the "Crost Factor” Is an arbitrary parameter which Fas no mathematical
Weaning.
4
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To add emplasis to tnis point, let us suppose that i
. we had o spectrniom which was uniform and infinitely :
wide.* This could represent one of two inputs ')"c(t)

- — (1) A Dirac impulse which couid kill a man, or

LR (2) White noise which would be impercoptable
xav to him.
.U} s 4
Obviously, then, the spectrum by itself is mean- '
{ngless without phase information.
o . Our analysis has been confined to mathematically

simple acceleration-time histories which permit

: mathematical rigor, and we have seen that the 1SO

. eriterin cannot be applied to them in any meaning-
ful way. If we now consider an acceleration of the -

o] R \ type shown in the upper half of Figure 2, we find g

that the same difficultios arise, but are more dif- .
fieult to spot, bocause of the greater complexity i

A, ’ of the input. This is the trap into which we have .
° 3 T “‘”f“'ﬁg 0 fallen| Because a typical ship vibration is too '
complex to analyze rigorously, we have ''guessod"

FREQUENCY & PULSE WIOTH = W3 st a methodology, by loose analogy with sinusoidal

vibration, without attempting to validate it theu-

Figure 6. Partial spectrum of a triangular pulse reticaliy. And validation or rejoction by experi-
(zeros occur at wé = 4nw, n integer), ment, when the "instrumentation" is as imprecise as

the subjective rouctions of large numbers of people,
is likely to be time consuming at least; if not
impossible. Note that the originators of the ISO
Standard were well aware of this problem, and em-

phasized that the Standard 1s not applicable when
mnunmon A AREA § 8 Ypguu(tav) Frsac the vibration deviates signit‘icnntly from sinusoi- l
' dal,
|
Y wpg It's therefore imperative to use a move meaning-

ful method of ride ovaluation. Fortunately, the
linear dynamic model assessment method 1is availablo,
and is already well provon for just those aspects
which cause so much difficulty with the RMS approach. i
In addition to solving these dirficulties, dynamic .
models can at least reproduce all the other fea-
tures of the IS0 assessment method, and arc proha-
bly superior, in that they account (albeit imper-
fectly) for phase effects.

130 ONE MINUTE:
LMY FOP

In the following sections, we describe and define
the approprinte dynamic models. Tho relevant si-.
nusoldal oxcitation theory may be fouad in Appendirs
I1I, and the transient theory in Referonces 3-6 and
18,

The Proposed Ride Quality for
Freguencies Above One lertz

- THIRD OGVAVK BAND

oab= L "WUMMATION OF Rava | o .
20 FL/BEG, 'B0DY )

VBRATION

MODEL VIsCERAL" “spiNaL” |

. {
mg g m ‘j

Yy /] ——e ) b

N 2Ky b %y W 24,

LA a o agi] [ SRR -,.
(-] 100 E

Yo ¥

FRMIQUENAY N HENTZ

(Y]

Ry B o e TR I TR T T AL AT

Flgure 7. 180-2361 mvaluation of a 20 ft/soc :
velocity change impulse for two dif« Figure 8. The proposed model for frequencics
ferent values of the durat’on (68). sbove one Hertz,

*Th1s '!x'f\m;ﬂo vas suggested by Dr. Gharles W, McCutchen Ina personal communicatlon.
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The proposed model has three depress of froedon
in parallel as indicated in Figure 8. System (1)
is the MIL-S-9478A model of Figure 1 and may be
loosely referred o as a "spinal" model, System
(2) has a lower frequency, and 1s Intended tu ac-
count for the varlous '"visceral modes.! The last,
high frequency mode reprosents "body vibrations,"
It 1s not identified with any particular physiolo-
gical systom or characteristic, and its parametors
aro selected solely to agree with existing "vibra-
tion tolerance” boundaries, A given IS0 curve
roughly corresponds to one of the mass accelera-
tions (RMS) Yl, yz, ys boing equal to the appropriate
critical value, &.3.

Y, =¥, and VY, S Y v¥eSY,  (RMS

Lo Tnerge = 727 " 73 Perit )

The model coefficients are as follows:

Wy » 52.9 rads/sec T, « 0.224 (The "splnul" or
: DRI model)

(The "visceral"
model)

{The "body vibra-
tion'" model)

Wy = 25.1 rads/sec E} = 0.4
wy ~ 52.9 rads/sec Ek - 1.0

Critical Mass Acceleracionsz (RMS)

“"Severe, ius3 than y = 0,5g

(Limit A)
one hour" Morit

= 0.23

"Tolerable, less y; .
crit

(Limit B)
than one hour'

= 0.2g
erit

"Long~term tolera- 9; = 0.1g
ble" crit

(Linit C}) "Long-term severe" Vn

(Limit D)

Apart from the change at one hour, the I50-2631
notion of time dopondence is not employed in this
model. The concept of performance degradation with
time has not been supported by 1uhorutor‘ experi-
ments ?soa. for example, Von Gierke(11,19} and
Maslen(12)) and therc does not secem to be any rea-
son to suppose that tronds postulated for the
goneral population apply to well-motivated Navy
personnel at sen.

Comparison of the Proposed Vibration limits
With 150-2631

A typical limit generatod by this model, the
1imit for sinusoldal vibration, is shown in Figure
9. It can bo seen that the viscoral model controls
up to about 4.6 Hortz, thun the spinal model con-
trols up to 11.7 Hortz., Above about 30 Hertz, the
highest frequoncy bhody vibration model ha. the same
slope as the 150 limits,

A particular udvantagoe of the model is thut ono
parameter V" govorns the "severity" of the
erit
limit, 411 othor parametors being flxnd. The ten-

Un
L

L)
o

Figure 9. Model response to sinusoidal vibration -
“'severe, but tolerable; less than one
hour. "
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Tho tentative limits compared with
150-2631 exposure limits of sminusojdal

vibration.

Figure 10,

Quantizing "Vibration Ride Quality"

Each RMS mass acceleration must be loss than the
eritical value V; specified ubove. For each
erit

degree of freedom in the model, there will be a
"vibration ride ratio"

y
(VRR) = 3'1 (RMS)

The "vibration ride quality index" (VRQI) is the
highest valuc of (VRR) among the thrce systems.

A value VRQI = 1.0 would be very severo; twice

i 2 O Y Y P S

tative limits are comparsd with tho ISO exposure

Iinits {n Figure 10 as much es the proposed "Sevore, less than one hour" )

limit. A value of 2.3 would correspond to the “L.au 3
minute endurance limic" ostablishod by Ziegenruascker
and Magld(17), he proposed 1imits are:
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YRQ! 10 Hertz. From a rescarch point of view, this
- agreement is remarkably good, considering how the
(Limit A) "Severe, less than repeated xhock limit was established, and gives a
B one hour" 0.5 considerable increuse of confidence in the approach.
| ] From a "specification” point of view, we can avoid
& (Limit B) "Tolerable, less uny difficulty by simply requiring the lownst of
than one hour" 0.2 the two limlts to be used, when they conflict,
(Limit C) "Long-term sovere: 0.2 Mori research cloarly nceds to be done in this
area, (26)  How do we "join" the two differemt cri-
(Limit D) "Long~term, teria in a logical manner? Should wo have differ- .
tolorable! 0.1 ent allowable DRI levels for less than and more
than one hour? Perhaps timu dependency should be
Shock or Impact Criteria even more detailed, Perhaps we can cvade the nend
for the DRI criterion by imposing additional con-
The number and magnitude of shocks which can be straints on the vibration model output, At a
tolerated in unit time is defined by an extension decpor lovel, what is the fatigue mechanism?
of Allents(16) approach, as shown in Figure l1.
This method utilizes the DRI or "spinal” madel Characterizing "Impact Ride Quality Index" (IRQI)
(system 1 in Pigure 8) to count the number of times
the DRI oxceeds various thresholds. We define tho "Impact Ride Quality Index' as
w %y wmy = PR
MAX z
DRI = * 86.961 4, (5 in feet) . MAX
o 4 MAX . DRI at a particular
e frequency
! R s, = mexinun value of yre—rriviat thit
: . frequency
E. i ‘;:?T:(___ 1Asltho exump&o; of Fiu:re lg sgow. this }s a vory
3 s e concopt® in practice; in fact, simplor to
3 '"W% us':pthnn to define. P
! ! L The Proposed Low-Frequency Model
s A " .
o . L J&_ Nath @ 1 Eatons o 84t Even though a ship may be travelling slowly, and
? thore are no high-frequency acceleration components,
3 it is a matter of common exporionce thut its occu-
i Flgure 11, Tontative limits for the Dynamic pants can experienco a loss of efficioncy, due to
f : Response Index. two offocts:
1 (a) Ship motion may make ordinary tasks more
_ Bach Waximum nust be countod, 1.o. difficult. Forkoxumploi walking, pcﬁfor?ing
o : 5 maintenance work, carrying loads. Thiyg is
1 Bach value of &) when §; = 0, §; < 0. usually reforred to as a degradation in
¥ b An excocedance plot is then readily produccd, 1'l'o motor performance.
) o tolerable, it must everywhero be below the limit
? in Piguro 11. Tho equation for tho limit is (b) §2;E122§;°2ngﬁﬁ ::u::eggfi::c::ﬁfnZZZ' . N
e " " 3
QU . (DRI)LIM - 9.5 (0.001 < N < 0.00776) modically as "kinetosis. i
.o 5.173 These two phlicnomena are not nocessarily separatn
55 (DR 1y = Smer (N < 0.00776) and distinct, Motion sickness may cause clumsiness
g N' and poor coordinatlion; exacting, close-up work may :
causo motion sickness in an onvironment which would ;
where N » humber of exceodances por 24 hours, For othorwise bo accoptable. Annlogously, loss of an b
) N < .001, no 1imit is pronosed, implying that the horizon refercnce can result in sickness.** poth . .
tritical DRI may be exceeled once every thousand phenomena are kiown to bo associnted with baloncing i
days of continuous operations, or about once every mechunisms in the inner car [Berry(20)}, . i
tén yeatrs of olapsed time. This is to avoid togi- [
cal conflicts arising with (onventional statistical It i3 also a mattor of common oxperience that
analysis of ride data, sallors adapt to their environment and that genor-
' ally speaking, efficiency can return to near normal
For impacts which occur 1 to 10 times a second after a few days at seu unless motions are very so-
(N = 86,400 to 864,000), this 1imit can pormit a vere. Tho "rolling gait" of the small boat sailor
somewhat moro severc ¥y, RMS value than the most Just ashore i= a well known symptom of man's ahili-
severe vibration limit for one hour or less. It ty to adapt to walking on a rolling und heaving
implies 0.87g RMS at onc llertz and 0.45g RMS at deck. In a small boat commenclug a voyage in, say,

Jeve—

*Ah approach which was Independently suggested by both K.R. Mnslvn(26) and B.G,U, Band of Payne, Inc,

¥*ihen automobiles wero not an everyday exporlence from birth, one could ofton find people who could
drive all dny without any concern, but he quite uncasy as a passenger; and quite sick if they tried to N
Yead while boing driven.

ll;'ll‘f!l-lu;h“i"nﬁ"ﬁsiﬂ-’n"qéui\""]qﬁl‘k-.!Ljv“{ml:‘»:‘:lq_...l;:..“.:i_:#r‘;]rv!\v».‘t.k-r'. T
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North Atlantic waters, it's typlcal for tho crew to
be sick for the first day or so, and from then on

to be impervious to kinctosis in any reasonable sea
state. Op larger ships, the problew is more complex
beocause the seas may be light for, say, the first
week, and sickness may not develop until the first
patch of rough weather causes the ship to move
around.

People are also extremely variable., Some never
get sick, Others ave sick after months at sea,
when there is a substantive change in ship motion
(e.g., Admiral Lord Nelson)., Even a given individ-
ual has a varying tolerance, depending on his mo-
rale, the nature of his last meal, sand his environ-
ment of temperature, humidity, odor, horizon refer-
ence, and whether or not he is fatipued.

There does not appear to be any satisfactory
quantized data on either moter performance or mo-
tion sickness inclidence (MSI% }? the Navy enviran-
ment, O'Honlon and McCauley(2l) have produced
kinetosis data for 600 subjocts in the O.N.R.
simulator, but this data 1s for unadapted young men
in a laboratory environment. As a matter of intor-
ost, some of the Reference 21 data is replotted in
Figure 12 to give a physical feel for the ampli-
‘tudos (half peak to trough) involved, and to om-
phasize the inportance of period. The published
work of O'Hanlon and McCauley tells us nothing
about motor performance degradation.

20 Y% M
;;GNI

» o .d.'g

-
i

HEAVE ANPL'TUDE W FEET

2 { L 1R YO B A I | 1
w 1 348 s Y00 )

~ PENOD IN BECONDS

Figure 12. Curves of constant motion sicknoss in-
cidence (MSI) for unadapted subjocts within two
hours after initlal exposuro to motinn. (Adapted
from Referonce 21).

Numbor of Subjects Sick
Total Number Tested

MS[ w Motion Slckness =
Incidence

P L B B i i

Warharst and Ccrnsnni(zz) [whose wor' was used by

Hadler and Sarchin(23)] purporet to give data on
motor pertormance, but their results arc inconclu-
sive for the following reasans:

1. They assume that motion sickness is not in-
volved. But the shlp wus on a two-week
cruise ("the calmost trip we've ever had",
according to one crew member) and experienced
rough weather for only one fourshour period,
It's possible that the motor performancc de-
gradation ohserved during this four-hour
period was in part due to mild kinetosis,
and that efflciency would have improved after
a day ar so.

2, They assume that only roll is important, ig-
noring pitch pnd heave. Anyone who has $ried
to work "up forwurd" in head or following
seus will Tecognize the inadequacy of this
assumption. Laboratory tpsts?24) seem to
show :hat roll itself may not be important
at all,

3. They purport to show that efficiency muy im-
rove with modexate roll. But their data
goas not support this; only the “motivation'
factor shows this improvement. Did these
moderute roll rates perhaps occur while re.
turning to port?|

4. As they say themselves, their data axe not
statistically significant.

It seems clear that Warhurst and Corasani were
working with a very limited budget, and were hoping
to got a "first rough cut" at the problem. Ovuer
workors have perhaps stretched the rosults more
than the original authurs would have desired. And
their overall approach was certainly sound: to find
out how satlors perform at sea, one should go to
secd and sce.

Generally speaking, roll motion 1s much more
‘'wisible' than heave or pitch, because of the hori-
zon reference. So it's usunl to empirically rvelate
discomfort to it, as did Warhurst and Cerasani,

Yet the limited amount of laboratory data avallable
indicates that angular roll hos little or no effect
oi kinetosis, and may not be important to motor
performanco. FPigure 13, which 1llustrates angular
QESSEES on kinetosis, iy taken from McCanley, et
al'4®) and scems to show that angular effocts are
of second order importencg, McCauley, et al1(24)
also cito onrlier authors(31,32) who have asserted
that pitch and ro}l are velatively unimportant cow-
pared with heave motion because the angular accel-
oration abourd ships is generally very low.

It would thorcefore seem thut local heave is the
most Important parameter, so that if

z = helght of the ship's CG above an lnertial
reference plane

1 = ship pitch angle

8 = ship roll angle

x,y = longltudinal and lateral distances from
the CC
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Figure 13, Motion Sickness Incidence (MSI) as a
function of frequency and acceleration for pitch
+ heave, roll + heave, and for heamve, pitch, and
roll alone. All heeve motions were al a frequen-
cy of 0,25 Hz and an RMS acceleration of 0.11g.
Data fram McCauley, ot al.(24)

‘then the motiun of importance to a crew member lo- '

cated at x,y is:
h = 24 xt +yB

Expressed as a local heave acceleration:

h o e xt e yd

Thanks to the work of O'Hanlon and MchulayCZI)
we cun relate h (or h) to the probability of sick-
ness (MSI) for unadapted adult males, A summary
of more recent work is given by McCauley, et a1(24)
including equations which permit MSI to be computed
when acceoleration amplitude, frequency und duration
are known, .

0f course, we cannot easily relate this data, ob-
talned with inexperienced subjocts, to experienced
sallors, or to the motor performance of oxperienced
or naive crew members. But it doos give a lower
boundary,

Another source of informution is the "allowable”
short-torm acceleration curve defined in MIL-F-
94900 for an "acceptable" degradation in the tra-
cking performance of oxperienced aviators.
Brumaghim's (33) presentation of this is corpared
with the MST curves in Figure 14 und is soon to
coincide with the 50% MST (unadapted) data in the
f;cqucncy range 0.1-0.3 Hortz. This seems reason-
able,

The allowable acceleration defined in MIL-F-
9490D is assumed to decrecase as the duration in-
creasas, in a manner very simliar to that of the
150 allowables, But Brumaghim(33) cites a number
of experimental investipations which seem to con-
tradict this, in that no performance degradatlion
is found for test durations of up to six hours.

Based principally on Brumaghim's discussion,
therefore, we propose, very tentatively, the fol-
lowing mndel for "long-term, scverc':
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Figur; i4. Various indicators of tolerabls ver-
tical accelerqtion.

b
w  e=

w, 3 rads/scc T, = 1.0 ¥, = 0.2g

Leprr

The curve associated with this is shown in Figure
14 as "long-term scvere." It's very odd that yL
= 0,2~ the same value as "long term scvere CRIT
for tho higher frequencles. Does this mean, perhaps,
that ¥, = 0.5g would bo a rcasonable “sovere,

Lerrr

less than one hour" limit, and 0.1g the same for
"long-term, tolerable?" When plotted in Pigure 14,
these limits don't look at all unreasonnble for ox-
perienced sailors, so we might as well let then
stand, lacking botter data, until someone comesalong
with bettor figures. We then have the intellectu-
ally pleasing (but physically meuningless?) result
thot discomfort depends only on model accaeleration
end is independent of frequency, even below ona
Hertz. This has already boen suggested by scveral
workers, notably Jex, for the range abovo onc Hortz.

Some physical feel for these limits, in the con-
text of advancod marine vehicles, is given by Fi-
gure 15. Tht is an idealized calculation for a
vessel which 1s small in relation to the wave
length and is able to contour the surface by reac-
ting nepative acceleration loads as effectively as
positive ones. Surprisingly, we sco that the
higher swells, because of thelr longer length, are
more tolorable at a given speed than the smaller
ones, The adverse effect on comfort of increasing
ship speed beyond conventional values is clearly
seen in Figure 15.

Future Work
To improve our knowledge of the relationship be-

tween ship motion and crew efficiency, it would bLe
quite simple and inexpensive to go to the sea in
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Physinlorical Des:eiption

! Limit  (Experienced Navy Crew
£0 FT WAVES, 4000 FT LENOTH (c) ' Long-term, scvere
\ 5 FU WAVES, 250 FT. LENOTH (D) Long-term, tolerable
One would normally design to meet limits (B) and
VERE, THAR J
r /,rvgﬁg Wi (D), accepting the more severe conditions (A) and
/ (C) for only a small per:entage of the total opera-
' ,’i’ tional profile, or if very substantial advantages

(such as grestly reduced - st, perhaps) accrue from
/ LONG TERM SEVERE operation at the more s¢ 5 limit,

4 LONG 1 EAM The physiological effre. of the vehicle's accal-
FOERABLE eration time history (¥.) for a given set of opera-
ting conditions is assegsed by exciting (or "driv-
ing'") four dynamic models wit% it, &nd observing
the model output (Yn).

ACCELERATION N FM$ gs

lM —--s{ mootLe :é:\—L yf NN~

__ npur LUTRUT 0) ) () (4) )
i 1 ' A PR Ao 1 'l b, 1 M1'u' T‘ul
v 00 oY Ay T
. fmcouRweY W WEat? - 11]]]!1‘1”!“1
Figure 15. Idealized acceleration in regular sinu-

[ _MuceL_th ouTeur |
soidal head swells, compaved with the proposed I

low-£requency iits. The basic model equation is ss follows:

varlous sized Navy ships and small craft and get o . 2 v o
direct readings in the real environment. The re- 8+ “m"n‘s * ¥ A A
quircments would seen to be as follaws:
1. A purtable six-degree-of-freedom motion re- yn * yc -8
corder. The existing PODAS would do, al-
though real time processing of the data where & is the dofloction of the spring of a simple
(avernge roll, pitch and houve amplitudes sprung mass model, w  (rad/sec) is the natural fre-
ir. the last five minutes, Jor exumple) would quency of the model, and ¥ is the damping ratio.
be highly desirable as wel’. w
. Model n
2. A convenient presentation of the space Number T trads/sec)  Name
ordinates x, y, and z for all manned loca- =
tions in the ship. 1 0.224 §2.9 Spinal
3. Standard questionnaires to be filled out 2 , 0.40 2.1 Viscoral
by the crew when requested over the ship's 3 1.0 52.9 Body Vibration
address system. 4 1.0 1.571 Low Frequency

4, Two or three simple physioleogical tests; two

or three simple manual dexterity tests; a The VIBRATION RIDE QUALITY INDEX (VRQI) is de-

b portable tracking task, and one or more fined as G0 (RS
I physiologists to select and administer all VRQI = n )
5 of these. )
B
%‘ $. An engincer to pull together all this data where ¥_' (RMS) is the maximum value obtained from
K and analyzo it on a rcal time bosis ‘(rather onie of "the four model outputs.
r'..,’ then after cach voyage is over) so that
i questionable results can be immediately The proposed limits on VRQI arc as follows:
‘.‘.! . identified and re-analy:td as necessary.
{" Limit Description VRQI must be less than:
b conciusions
3] A Severe, leoss
| We have proposed a method of defining physiolo- than one hour 0.5
gical "ride quatity" limits. In decreasing order
. . oy B Tolerable, loss
of soverity, these limits are: than one hour 0.2
Physiologlical Description c Long-term, severe 0.2
Limit {Experienced Nuvy Crew) D Long-tesm
(A) Sovere, less than one hour tolerable 0.1
(B) Tolerable, iess than one hour

10
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The IMPACT RIDE QUALITY INDEX (TRQI) is obtained
from the "DRI" output of Mudul Number 1, the "spi-
nal model."

Pl
w8
prt = -1 MAX .
'3
51 MAX is computed for each maximum value; i.e,

cach&l when 61 = 0, 61 <0

Wo now ordor the DRI values as in the following

example:
Correspon~
ding Num-
Numbor of DRI Ex- Number of ber of Ex-
Occur- ceedance Excee- cecdances
DRT rences/hr. Point dances/hr. in 24 hrs.
0 -0.5 109 0 149 3576
0.5-1.0 9 0.5 40 960
1.0-1.5 10 1.0 31 744
1,5-2,0 7 1.5 21 504
2,0-2.5 7 2.0 14 336
2.5-3.0 4 2.8 7 168
3.0-3.5 2 5.0 3 72
3.5-4.0 1 3.8 1 24
4.0-4.5 0 4.0 0 0
4.5-5.0 0 4.5 0 0

The exceedances per twenty«four hours are ob-
tained by ratioing up from the duration for which
readings were actually obtained; in this example,
one hour. The excecdance pnints are then plotted
as shown ("ExampleA'S In Figure 16. The IRQI is
defined as the largost value which oceurs, In
Example A, IRQI = 1,0, so that the ride is just at
the 1limit of tolerability. In BExample B, the maxi-
.mum value is about IRQI = 0,38, indicating a rola-
tively smooth ride.

%Epoanx I,
A ComparIson WIth Bxperiment

It is hoped thut, in the future, ctew performance
will be moasurcd at sea, rolated to ship motions,
and then compared with the proposed models. At
the time of writing this puper, we have only had
the opportunity to comparc the model with one set
of laborutory data, as shown in Figure I-1,

Appendix IT, '
Response of a LTnear, Dimped Second Order
Systom to Sinusoidal Vibration

It is the purpose of this Appendix to define the
variovs responses of a linear damped dynamic model
to sinusoidal vibration,

Figure I-1. "One minute" tolerance ta
sinusojgnl vibration [Ziegenruecker &
Magid(17)] compated with the proposed
nodel, ¥, - 2.33g.
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: { ¥ sinat = Y_sin(y + 8) !
: o o 3
T WM:S““ /; m y . = .Y.o (sin y cos 6 + cos ¢ sin 8) (1I-6) 8
INDEFLECTED ’ Substituting oquations (I11-5) and II-6) in (I1-4),

3 SPRING and equating the sin  ond cos ¢ cocfficients sepa- g
;:: LENGTH K 2K rately 5 ¥’
& y ) -nzcm . uzsm - ‘Y'o cos 6 t '
3 o ¥ at (x1-7)

v 2006 = sin 0 .

Lot o ° f ]
k = spring stiffness, 1b/ft of compression This defines “he phase angle, i.e. | l E
i iy

2K = viscous damping constant - 1 i
. 2¢0 25(0/u i

v « damper force/velocity (lb sec/ft) tan 8 = Ty = _‘-LLLT (11-8) [

i w - a 1~ (0/w) . 179
: ¢ = spring (compressive) deflection (ft) where T = ¢/uw, the eritical demping ratioc. Squaring | X )
) N snd adding equation (II.7) gives D8

& ¢ 8 212em? + (2 -0®Y - V2 } '

: A = unloaded spring length (ft) m cf) o :

\ m = mass (siugs) oo

o y [ ,

_ P’ = force in the spring (1b) (=ks) n o 1 (11-9)

¥ Jizem? + (W - B2

ol Fp = force in the damper (1b) (v2ké) o L - ‘

v, . i ]

b The equation of motion for mass m is slternatively j

! . v . 2 e ke a1 ole, ke . » !

+F_ = oy = 2K8 + ¢ . = 11-10)

g D" o | ®o eE@mi® e U -/’ |

: ' ' But . ]

v peak spring force F, . '

' y = A+ Yo " ] ‘ - max '
oy y ¥ : mass x peak input acceleration .

. - - _ : :

T : g ' The total forco is g

mé + 2K8 + ké§ = m'y'c (x1-2) B

Py = Py ¢ Fy » mizcd + u%8) (r1e11).
‘Dividing throughout by m, and writing ’ !

Substituting equation (II-5) for & and 4

c = & i
n p : !
T - 2 ! . 3
w® - %(‘_ ‘ - 2cm!ln cos §y + u 6. sin ¢ : X
. i -a
S+ 2cd 40 = 'y'c (11-3) Fy _ . k-
Lo s f2emy? s ot (11-12) )
0 For the special case when the modol iy subjected  Tm m :
::‘: to a sinusoidnl motion —7 ! k
| 2em’ v ;
v - ¥ ( (11-13) : :
‘: Sr'c - Yu sinnt . (11-4) ] (ch)z + (NZ . “ZF ‘
j :
‘ -where Vo - nzvo. the input acceleration amplitude, from equation (I1-9), .
:‘1 Ne know that the nontransient solution will be: ¥ ' : ~
; T = 2 4
& ~ & sin(at - o) Lo 12 [25(0/u)] g (11-14) 2
: m¥g [2E@/w)]* + 11 - (/)% E
= &, siny (say) :
. (11-5) peak total force (n’D + F')
S8 = 08 cos max
. ‘; = mass X peak Input acceleration 1
§ = 0% siny b
: " y y j 3
where ¢, 1s the motion amplitude and the phuse angle v DX . IBE . pelative amplitude 4
0 has not been dotermined, we also note tiat 0 ° of y to Ye
|
[ 12
-
iy
&
b
5._
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(This last relattonship follows from the fact that
my = FT.]

The power dissipated by the damper is

Pty = 2k(h)? « 2ka%s ? cos?y (11-15)
Averaging this over one cycle *
3 2 mcn2V°2
LA < 5 R (11-16)
[€2en) + (u° - £%)7)
or
2
wp T (0/u)
L (11-17)
“? (=@ + (1 - (w?)?

Summary of BEquations

Bquations (I1-10), (II-14) and (II-17) tell us
all that is known about the model's behavior. Each
of the parameters (maximum spring force or deflec-
tion, maximum total force or acceleration, or power
sbsorbed) can be expressed as o constant [which is
a function of T and (R/w)] mulciplied by the ampli-
tude of the input acceleration Y_.. These constants
are cited below and are 1llustrafod inFiguves Il-1-3.
They are of interest bucause rido conditions are
often expreised in terms of "tolorable" values of

or the R.M.S. value of Y.

o
1

[ 7] l_llI_LuJ

PN S W W W W\

4

Figure 11-1, Accelﬁrntion for constant total force
(or mass acceleration) as given by equation
(11-19).

gonstant Maximum Spring Force (DRY Model)

Dl o Slzwwa)? ¢ (- (?)? (11-18)

2
Y 6 max

12

[P e e iat e sbe memha 1 caemr e mbma cmmesmie s it oo -mieie b

Constant Maximum Total Force (Or Constani

Maximum Acceleration)

Wy L] BEewls poewt? o g
F,rm“ 1+ [2E(a/w)]’
¢ = Yo/y;nnx)

This expression is plotted in Figure II-1 for a
range of values of T.

Constant Power Absorbed i

v / 3 7,2 '
. VIzE@/w)]® ¢ [1-(8/w)7) I1-20
7:.%7]1' /w) & ( ]

This expression is plotted in Figure 11-2 and,
for comparison examples of each of these three
equations are plotted in Figure II-3 against Q/uw
for a value of ¥ = ,224 which is ropresontative
of the human torso, Their limits are shown in the
table bolow,

Conatant Constant

Maximum Maximum
Spring Total Constant
Force Force Power
. Y 2
Parameter Y /ulsy mYQ/FT V;/Ju97m
max
Value at
Ifww0 1 1 -
‘ 2
(8/w)® for
minimum / .
value (1-42%) I*SUZ'L -
4t
Minimum
Value of the .
Parameter T - - :
' i
"Paramoter ,
value at .
afw =1 b3 A+ 4 2/c :
As Qfw - :
Paraneter - (n/m)2 -21? "/w) '}!'. (a/w)

“Tt's of interest to note that the nsymptotld
power cquation (as Q/w + =)

V) w TR (@/u) !
) v:oow)? |
P = 'hT‘»E Y‘o‘cm/m’ - mcur—r!— - --6;-- (r1-21)

Thus, power ahsorption for a given acceleration

“amplitude is less at the highur frequencios.
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: ;Figuio 11-2. The constant "power absorption
paramstor of equation (II-20}.
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Figure I1l«3, The two vibration tolerance

parameters for T = 0,224,
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